During two measurement campaigns in 1992 (the Hartheim Experiment HartX-and an additional experiment in autumn). measurements of soil moisture were carried out in a Pinus sylvestris stand at Hartheim on the Oberrhein. Several methods were used to determine soil water status. They were compared in terms of suitability for estimating stand evapotranspiration (ET) via soil water depletion. Measurements of tree water potential suggested that conductance of the trees was affected by soil water depletion during the period of the HartX campaign in spring 1992. We interpret the observations to indicate a lesser influence of soil water availability on tree transpiration during the autumn experiment.
Introduction
The most important linkage between terrestrial vegetation and the atmosphere operates via the partitioning of absorbed radiation to either latent or sensible heat. This partitioning depends on the canopy conductance for water vapor which is strongly influenced by the water status of the soil (Kelliher et al., 1993; Running, 1984; Shuttleworth, 1989; Wicke, 1988) . Even very initial drying of the soil is sensed by the roots of woody plant species and signals are transported via the xylem transpiration stream to restrict canopy water use (Davies and Zhang, 1991; Tenhunen et al., 1994) . To realistically assess water and energy fluxes in a forest stand, transpiration and canopy conductance must be viewed in terms of seasonal and annual fluctuations in soil water availability.
Among tree species naturally occurring in Europe, Pinus sylvestris is the strongest competitor in dry habitats (Ellenberg, 1978) . In addition to changes in canopy conductance, the effects of water stress on Pinus sylvestris are many, including increased root mortality and turnover (Persson, 1980) , decreased tracheid size and annual wood increment (Merkel, 1987) , and decreases in sapwood stored water (Jansson and Halldin, 1979) . The already well-documented production ecology of Pinus sylvestris, together with the unique meteorological situation of the Hartheim pine plantation, makes it a very valuable resource and natural laboratory for investigating the linkage between soil water and atmospheric energy exchange as well as the biological processes controlling this linkage.
Site Description and soil Properties
A general description of the experimental site (geographical coordinates: 47°56' N, 7°37' E, altitude 201 m above sea level) is given by Jaeger and Kessler (this issue). The developmmt of the soil at the site has been determined by flooding of the Rhine River. On this extremely level site, flooding no longer occurs due to channeling of the Rhine. This has led to a decrease in ground water table to seven meters below ground level. Thus, for our considerations deep drainage and capillary rise of groundwater are negligible.
Before being planted with pine trees in 1961 the upper of the two soil layers at Hartheim was ploughed and homogenized. The depth of the silty Ah-horizon varies between 15 and 80 cm with an average of 40 cm. The C-horizon consists mainly of alluvial gravel, which is sometimes interrupted by sandy veins. The root zone of the pine trees extends to an approximate depth of 35 cm (Schäfer, 1977) , although our observations showed that some pine roots run along the silt/gravel interface. In locations with deep soil deposits, understory grasses were found to intensively root between 0 and 30 cm depth. The hydraulic properties of the upper soil imply a good storage capacity and hydraulic conductivity. But shallowness of the soil reduces the absolute soil water storage capacity to 80 mm (varying between 30 and 160 mm, assuming that field capacity is at 31.4 vol.% and the wilting point at 11.7 vol.%-Hädrich, cited in Garthe 1985). Trilby (1983) calculated soil water storage capacity between 73 mm and 81 mm for an area close to the experimental site with comparable soil physical properties. This low water storage capacity together with annual variations in climate conditions determine the onset of summer drought and the degree to which trees are subjected to water stress.
Methods

Gravimetric Determination of Soil Water Content ( Og)
Gravimetric determinations of soil moisture were carried out daily from 12 to 22 May, averaging over the entire depth of the upper soil layer as summarized by Eq. 1.: For the autumn experiment, five two-wire sensors (Campbell-Tektronix system) probing a soil layer from 0 to -30 cm were installed vertically into the soil. They were randomly distributed between the tree rows with a horizontal spacing of about 5 m to consider spatial variability in soil moisture. Three additional TDR-probes were installed horizontally (in depths of 5, 15 and 40 cm below the soil surface) to obtain the soil moisture time courses for different soil layers. The measurements of soil moisture with the TDR device were taken hourly.
Tensiometer Measurements (Os )
For profile measurements of the soil water potential, two tensiometers (UMS, Munich) were installed within a distance of less than one meter to the capacitive sounding system at the beginning of March 1992. The instruments registered the soil water potential at a depth of 20 and 40 cm with a time resolution of one hour. To make tensiometric results comparable to the other methods which were measuring volumetric soil moisture, we used a field desorption curve which converted soil water potential into volumetric soil water content. 
Calculation of Evapotranspiration from soil Moisture Measurements
To compare the soil water decrease with estimates of evapotranspiration based on Eddy correlation and sapflow data we calculated soil water reduction in time using
with ET evapotranspiration in mm derived from measurements of soil water reduction, 0 (g ) fractional volumetric soil water content at time steps t and t +1 and dz length of mean soil profile in mm. This approach initially assumes that waterflux at the interface between the upper soil layer and the gravel layer as well as tree water storage are negligible for the calculation of ET.
Xylem Predawn Water Potential ( 111 pd )
The strong influence of changes in xylem predawn water potential (/id) on canopy conductance and on maximum transpiration rates of conifers has been observed in a number of investigations. To determine soil water availability to the pine trees, measurements of xylem predawn water potential and of gravimetric soil water content were con- During 1992, differences between Og and 0, usually did not exceed one vol.% (Fig. 1) . Since Og averages over depth and 0, is a point measurement the distribution of soil moisture in the rooting zone appears quite uniform for most of the time during the year. The greatest differences between the two values occurred at the beginning of October when Og reached 22.4 vol.%, while 0, remained below 15 vol.% (cf. Fig. 5) . Measurements of the vertical distribution of soil water with TDR indicated a strong gradient in soil moisture between a depth of 15 and 40 cm during this period. Due to reduced hydraulic conductivity at the end of the summer, it is likely that a wetting front was formed in the upper soil layer which was probably above the . capacitive sensor at the beginning of October.
Soil Moisture during HartX in May 1992
Due to high incoming global radiation, temperatures and water vapor pressure deficits (Jaeger (Fig. 2) 
Soil Moisture in Autumn 1992
The atmospheric conditions from 22 to 27 September 1992 were such that global radiation was only 50-70% of that measured during the HartX campaign in spring. Furthermore, the daily mean temperature was about 4 °C less than in May. Figures 5 and 6 show the time course of soil moisture measured with the TDR system. All vertically installed probes showed the same trend, although there was a constant offset between them. This offset may reflect soil-specific differences at the five test locations but was not further examined. The mean standard deviation from the single probe to the averaged hourly value for all probes is about 1.6 vol.% which is in the range of spatial variability determined from gravimetric 
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\ . data. Comparing 0 id, with precipitation measurements, the TDR system appeared to provide good estimates of incoming water added to the soil profile (Fig. 5) . The horizontally installed TDRprobes (Fig. 6) show a lower variability of soil moisture over time at greater depth. The upper soil layers are governed by a higher temporal variation in water content caused by variable precipitation inputs and root water extraction.
Since there was only little change in soil moisture at -40 cm, we integrated the water loss measured by vertical TDR probes from 0 to -30 cm which was the length of the probes in the soil to obtain ET for the period 22 to 27 September according to Eq. 3.
The comparison of daily mean values of 0, with
Ow, (Fig. 5) shows that the measured trends over the period of 41 days were similar. In contrast to 0 td" the capacitive system at -20 cm was insensitive to precipitation events excepting rainfall on 16 and 17 October. Since the two systems were installed at different locations (horizontal distance approximately 30 m), the question whether this behaviour was caused by physical differences between the methods, by a different soil hydraulic behaviour (see 4.1) or by different root distribution cannot be answered completely. Since the TDR curve represents the mean value of five independent measurements for an integral soil volume and the capacitive data originate from a single location, the TDR data are more reliable for the calculation of evapotranspiration rates during the autumn campaign.
Evapotranspiration from soil Moisture Data ( Autumn Campaign)
From 22 to 27 September, hourly ET rates from the TDR measurements were calculated on the basis of Eq. 3. This period was chosen because essentially no precipitation occurred (P = 0.02 mm). The data were smoothed by calculating the running mean over five values. Figure 7 summarizes the diurnal courses and the mean diurnal trend for this period. The highest decrease in soil moisture took place between 2 pm and 4 pm each day, approximately 1.5 to 3.5 hours after the radiation maximum had been reached. On 22 and 23 September, strong winds may have led to higher ET rates, although the available energy was not very high on these days. Over the six-day period, the daily ET maximum seemed to shift from early afternoon to mid-afternoon. The daily ET sums calculated from TDR are compared with OPEC measurements, SONIC Eddy correlation and xylem sapflow measurements in 
Conclusion
The intention of this study was to find out 1) how reliable estimates for ET could be derived most efficiently from soil moisture measurements and 2) whether conductance of the pine trees at Hartheim decreased during the HartX-campaign due to soil drying increasingly limiting stand ET.
Daily rates of ET (0) were calculated based on all methods of soil moisture measurement applied in the HartX-and in the autumn-campaign. Estimates of gravimetric determinations were unreliable due to the problem of high spatial variability. Gravimetric data remain useful for the determination of long-term changes in soil moisture as well as for direct evaluation of spatial variability which should not be neglected in the design of ecosystem studies. The capacitive device produced a noisy signal which may have been the result of diurnal temperature effects. Smoothing the data did not lead to better results. Nevertheless, 0, provided reasonable ET estimates over long-term periods (two weeks) in springtime. Tensiometers and TDR provided very stable signals. The best estimates of daily ET were obtained from TDR in autumn. These results compared well with eddy correlation measurements. The analysis of the HartX data in comparison to the autumn campaign showed that in springtime the lower soil layers (below the 40 cm rooting zone) have an important influence on good estimates of ET (0). In autumn, when the lower layers are dry and their hydraulic conductivity is low, it is sufficient to measure the changes of soil moisture in the uppermost layers in order to estimate ET well. To obtain good estimates for ET(0) in spring, we recognize the need for parallel measurements of 0 and 'fr. , in soil profiles including the soil layers below the root zone. Concerning water stress effects on the trees, the iP pd -O, relation has indicated that water stress effects probably influenced the magnitude of ET during HartX and lesser during the autumn experiment.
